INTRODUCTION
The periparturient period leads to a rapid increase in diet fermentability, requiring substantial adaptation of the ruminal epithelium. In the 3 wk before calving, DMI decreases 32% (Hayirli et al., 2002) and then rapidly increases immediately after calving (AlZahal et al., 2014) . Increased postparturition ruminal fermentation risks compromising barrier integrity in the aBSTRaCT: The objective of this study was to investigate the role of protein-mediated transport pathways for short-chain fatty acid flux across the ruminal epithelium, using subacute ruminal acidosis (SARA) and feed restriction as models. Twenty-one Holstein steers (216.8 ± 31.4 kg BW) were individually housed and fed a total mixed ration (TMR) with a 50:50 forage:concentrate ad libitum for 5 d. After the 5 d diet adjustment period, calves were assigned 1 of 3 treatments: control (CTRL) calves were fed the TMR ad libitum on d 1, subacute ruminal acidosis calves were given 25% of their ad libitum DMI on d 1 and then given a barley grain challenge at 30% of ad libitum DMI on d2 (ACID) calves were given 25% of their ad libitum DMI on d 1 and then given a barley grain challenge at 30% of ad libitum DMI on d 2, and feed restriction (FR) calves were given 25% of their ad libitum DMI for 5 d. Reticuloruminal pH was continuously measured during the entire study. At the end of the study, rumen tissue was harvested and acetate and butyrate flux were measured. Selective inhibitors were used to differentiate total flux (TOTAL), protein-mediated flux (PMF), and passive diffusion flux (PDF). The duration that rumen pH was <5.6 was greater in ACID calves compared with CTRL and FR calves (57 ± 90 vs. 519.71 ± 90 vs. 30 ± 90 min/d for CTRL, ACID, and FR, respectively; P < 0.01). Total acetate flux was greater in FR than in CTRL (630.6 ± 38.9 vs. 421.1 ± 41.4 nmol/cm 2 × h, respectively; P < 0.01), but no difference was observed between CTRL and ACID (421.1 ± 41.4 vs. 455.4 ± 38.9 nmol/cm 2 × h, respectively). Also, total butyrate flux was greater in FR than in CTRL (1,241.9 ± 94.8 vs. 625.5 ± 86.3 nmol/cm 2 × h, respectively; P < 0.01), but no difference was detected between CTRL and ACID (625.5 ± 86.3 vs. 716.7 ± 81.0 nmol/cm 2 × h, respectively). For butyrate flux, PMF was greater for FR than for CTRL (479.21 ± 103.9 vs. 99.9 ± 86.3 nmol/cm 2 × h, respectively; P < 0.01), but no difference was observed between the CTRL and ACID treatments (99.9 ± 86.3 vs. 90.2 ± 81.0 nmol/cm 2 × h, respectively). Immunofluorescence analysis showed an increase in monocarboxylate cotransporter isoform 1 abundance in the FR treatment compared with the ACID treatment (9,250 ± 1,648 vs. 4,187 ± 1,537 arbitrary units, respectively; P = 0.03) but not compared with the CTRL treatment (9,250 ± 1,648 vs. 7,241 ± 1,648 arbitrary units, respectively; P = 0.15). These data identify a short-term adaptive response of the ruminal epithelium to dietary changes that involves PMF and PDF.
ruminal epithelium, which can lead to laminitis and liver abscesses and depressed milk production (Plaizier et al., 2008) . Adapting to increased ruminal fermentation involves increasing absorptive surface area long term (Dirksen et al., 1985) to equilibrate short-chain fatty acid (SCFA) production and uptake. Prior to reequilibrating, the ruminal epithelium needs short-term adaptations to improve SCFA uptake.
How short-term adaptations affect SCFA transport mechanisms is unclear. Previous studies identified passive diffusion and 2 transporter-mediated mechanisms as major SCFA uptake mechanisms (Aschenbach et al., 2009) . Transporter-mediated flux involves monocarboxylate cotransporter isoform 1 (MCT1) and apical anion exchanger isoform 2 (AE2). Previously, MCT1 was shown to play an important role in SCFA uptake in bovine cecum and Caco-2 cells (Stein et al., 2000; and in intracellular pH homeostasis (pH i ; Muller et al., 2000) . In addition, pH i is maintained by sodium/proton exchanger isoforms 1 and 3 (Nhe1 and Nhe3) and carbonic anhydrase isoform 2 (CA2; Fig. 1) . Furthermore, pH i in rumen epithelial cells decreased following incubation with butyrate (Muller et al., 2000) , highlighting that SCFA and SCFA metabolites directly impact pH i . Currently, the role of transporter-mediated mechanisms in short-term adaptations in SCFA and SCFA metabolite flux are unclear. This study investigated the role of transporter-mediated mechanisms in short-term epithelial adaptation. We hypothesized SCFA transporter abundance would change as part of short-term epithelial adaptation.
maTeRIal aND meThODS
This study was carried out at the University of Saskatchewan (Saskatoon, SK, Canada) and was preapproved by the University of Saskatchewan Animal Research Ethics Board (protocol 20100021).
Animals and Diets
Twenty-one individually housed Holstein bull calves (216.8 ± 31.4 kg BW) were blocked by BW and fed a total mixed ration (TmR) consisting of 25.0% barley silage, 25.0% grass hay, 28.0% rolled barley grain, 5.0% pelleted barley grain, 9.0% canola meal, and 8.0% vitamin and mineral supplement pellet to achieve 33 mg/kg monensin in the final diet (DM basis). Calves were fed the TMR at 0800 h daily for a 14-d acclimation period and a 5-d baseline period (Fig. 2) . All calves had free access to water and were housed on rubber mats, and pens were cleaned twice daily.
After 5 d of ad libitum intake, calves were grouped into 7 blocks (n = 3 per block) by BW and assigned to 1 of 3 treatments. The control (CTRl) treatment was fed TMR ad libitum for 1 additional day. In the ACID treatment, calves were was fed 25% of ad libitum TMR DMI for 1 d followed by a grain overload (barley grain at a rate of 30% of their ad libitum TMR DMI) at 0800 h to induce subacute ruminal acidosis (SARA). Following the challenge, calves were fed a full allotment of TMR at 1200 h (ACID). Lastly, the feed restriction (FR) treatment was fed the TMR at a rate of 25% of ad libitum DMI for all 5 d. Calves Figure 1 . Identified short-chain fatty acid (SCFA) transport mechanisms in the rumen epithelium that were the focus of this study. Adapted from Laarman et al. (2013) . A more comprehensive diagram including apical nitrate-sensitive, bicarbonate-independent mechanisms and a basolateral large anion channel for which transporters have not yet been identified can be found in Aschenbach et al. (2009) . AE2 = anion exchanger isoform 2; NHE3 = sodium/proton exchanger isoform 3; NHE1 = sodium/proton exchanger isoform 1; NBC1 = sodium/bicarbonate cotransporter isoform 1; MCT1 = monocarboxylate cotransporter isoform 1; CA2 = carbonic anhydrase isoform 2. Figure 2 . Schematic of treatment regimen. Holstein steers (n = 21) were fed a total mixed ration (TMR) ad libitum for 5 d. Steers were then blocked by BW and assigned 1 of 3 treatments. Control (CTRL) steers were fed a TMR ad libitum for 1 d. The subacute ruminal acidosis (ACID) treatment was fed 25% of ad libitum TMR DMI for 1 d followed by a grain challenge (barley grain at a rate of 30% of ad libitum TMR DMI) at 0800 h. Following the challenge, steers were fed a full allotment of TMR at 1200 h. The feed restriction (FR) treatment was a TMR fed at a rate of 25% of ad libitum TMR DMI for 5 d. During the treatment day, reticular pH was continuously measured in all steers.
were harvested the day following the end of treatment described above.
Sampling
Throughout the study, reticuloruminal pH was continuously measured using an indwelling small ruminant pH logger system (Penner et al., 2009a ; DASCOR Inc., Escondido, CA). Reticular pH is consistently higher than ruminal pH but follows a circadian pattern similar to rumen pH, and the 2 pH values are highly correlated at r = 0.83 on a 93:7 Forage:Concentrate ratio and r = 0.80 on a 45:55 Forage:Concentrate ratio diet (Kimura et al., 2012) ; therefore, reticular pH measurements can be a useful indicator of SARA in cows. Because rumen pH is measured only indirectly, reticular pH will be used to determine the incidence of subacute reticuloruminal acidosis. Because reticular pH is higher than rumen pH, the threshold of 5.6 will be a conservative indicator of SARA.
The pH logger was calibrated prior to oral dosing and after retrieval at the end of the study. Rumen pH was measured once per minute. Data were downloaded at the end of the study, and a threshold of pH 5.6 was used for determination of daily incidence of SARA (SchwartzkopfGenswein et al., 2003) . For the ACID group, only pH data from the second day where calves were fed a grain overload were analyzed. For the FR group, the average daily pH values for all 5 d were used for analysis.
At the endpoint of each treatment, calves were killed via captive bolt and exsanguination and the caudal-dorsal blind sac of the rumen was harvested for analysis, principally due to its homogeneity compared with the ventral or dorsal sac. Approximately 15 large papillae from the rumen ventral sac were harvested, washed in PBS, and preserved in 10% formalin for 24 h and then transferred to a 70:30 ethanol:water solution at room temperature for later immunofluorescence analysis. Furthermore, epithelium from the caudal-dorsal blind sac was collected for SCFA flux analysis using Ussing chambers (described below).
Flux Analysis
Rumen epithelium from the caudal-dorsal blind sac was washed in preheated (38.5°C) oxygenated transport buffer (Table 1) until clean. Subsequently, epithelial tissue was gently hand stripped to remove submucosal tissues and placed in fresh buffer solution that was continuously oxygenated with carbogen gas for transport to the laboratory. Six pieces of epithelial tissue were then mounted in Ussing chambers (Physiologic Instruments, San Diego, CA) with a 1.34 cm 2 surface area exposure. The 6 chambers were used to partition SCFA flux into total flux (i.e., uninhibited flux) and flux where anion exchangers and the nitratesensitive pathways were inhibited. This was accomplished by incubating tissues in a bicarbonate-containing buffer (HCO 3 ; n = 2/calf) and a bicarbonate-free buffer with 40 mM nitrate and 10 mM p-hydroxymercuribenzoic acid (phmB; Dengler et al., 2014 ; bicarbonate-free buffer with 40 mM nitrate and 10 mM phydroxymercuribenzoic acid [INh] ; n = 2/calf). The mucosal and serosal buffers (Table 1) were prepared with chemicals from Sigma-Aldrich Canada (Oakville, ON, Canada). The HCO 3 buffers were gassed with a CO 2 :O 2 ratio of 95:5 whereas the INH buffers were gassed with O 2 . Mannitol was used to adjust osmolality to a final buffer osmolality of 290 mOsmol/kg. Osmolarity 287 ± 1.8 288 ± 2.0 280 ± 1.0 286 ± 2.1 285 ± 3.1 All mucosal buffers were adjusted to a final pH of 5.6 and all serosal buffers were adjusted to a pH of 7.4; pH was adjusted using gluconic acid and NaOH. A mucosal pH of 5.6 was chosen as SCFA flux increases with decreasing pH, with the increase in SCFA flux attributed to protein-mediated mechanisms (Aschenbach et al., 2009 ). Furthermore, MCT1 has been reported to be upregulated when evaluated 7 d after induction of SARA (Laarman et al., 2013) ; therefore, at a lower pH, the flux through MCT1 was expected to be more apparent. For that reason, the mucosal buffer was adjusted to pH 5.6, representing conditions during an acidosis challenge.
After tissues were mounted, the transmembrane voltage was clamped to 0 mV using a computer-controlled VCC MC6 voltage-clamp system using Acquire and Analyze software (Physiologic Instruments). Transmembrane conductance (Gt) and short-circuit current (Isc) used to clamp the transmembrane voltage were continuously measured every 5 s (Table 2 ). Twenty minutes were provided for initial stabilization of G t . Then, 3 H-labelled acetate (100 kBq; Perkin-Elmer Inc., Woodbridge, ON, Canada) and 14C-labelled butyrate (72 kBq; Moravek Biochemicals Inc., Brea, CA) were added to the mucosal chamber and the system was allowed to equilibrate for 45 min. Two consecutive 1-h flux periods started immediately following equilibration. At the start and end of each flux period, 500 μL of serosal buffer was sampled from the column, and 100 μL mucosal buffer was sampled from the column at the start of the first flux period and the end of the second flux period. Serosal buffer was immediately added to the serosal column to replace sample volume and minimize changes in hydrostatic pressure. Buffer samples were diluted in 4.5 mL scintillation cocktail (ProGold; Perkin-Elmer Inc.) and analyzed on a scintillation counter (TriCarb 2910 TR; Perkin-Elmer Inc.). Fluxes were calculated by averaging the technical replicates of flux periods 1 and 2.
Fluxes using the HCO 3 and INH buffers were partitioned into 3 flux pathways as follows: 
Immunofluorescence
Papillae were processed and embedded in paraffin wax (Animal Health Laboratory, University of Guelph, Guelph, ON, Canada). Thereafter, 5-μm sections were mounted on charged microscope slides (Thermo Fisher Scientific Inc., Mississauga, ON, Canada) and analyzed as previously described (Laarman et al., 2013) . Briefly, samples were deparaffinized and rehydrated using xylene and isopropanol. Then, samples were incubated in a 10 mM sodium citrate solution at 95°C for 30 or 60 min for antigen retrieval and then cooled to room temperature. Once the samples had cooled to room temperature, they were washed with PBS and blocked for 30 or 60 min, based on the optimal fluorescent signal for each antibody. The blocking buffer contained 10% goat serum (Sigma-Aldrich Canada, Mississauga, ON, Canada) and 0.3% Triton-X100 (Sigma-Aldrich Canada, Mississauga, ON, Canada) in PBS. Samples were then incubated in primary antibody (Thermo Fisher Scientific Inc., Mississauga, ON, Canada), dissolved in blocking buffer, for 90 min at room temperature or overnight at 4°C. Samples were washed in PBS, incubated in 1:200 fluorescent goat anti-rabbit antisecondary antibody (Thermo Fisher Scientific Inc.) for 40 min, and mounted using ProLong Antifade with 4',6-diamidino-2-phenylindole nuclear stain (Life Technologies Inc., Burlington ON, Canada). Where the above protocol contains multiple options for a particular step, the protocol was optimized for fluorescence for each rabbit anti-human primary antibody: MCT1, AE2, CA2, NHE1, NHE3, and sodium/bicarbonate cotransporter isoform 1 (NBC1). All transporters were analyzed using the protein basic local alignment search tool (BlaST; National Center for Biotechnology Information, Bethesda, MD) to verify similarity between human and bovine proteins and to confirm low cross-reactivity with other bovine protein sequences. Slides were visualized using a SP5 upright confocal laser microscope (Leica Instruments, Hanover, Germany) at the confocal and imaging facility at the Advanced Analysis Centre (University of Guelph, Guelph, ON, Canada). For each antibody, the same visualization settings were used for all samples. Quantification was conducted as previously described (Laarman et al., 2013) using an adapted technique from Gavet and Pines (2010) . Specifically, cells from the stratum basale were identified and the whole cell signal was quantified. To correct for variation in immunofluorescence among the strata, only the stratum basale was used because it had the most pronounced fluorescent signal for all antibodies tested. Then, an area beside the papilla was quantified as a background signal correction.
Statistical Analysis
Data were analyzed using the Mixed procedure with a Tukey post hoc test in SAS version 9.4 (SAS Inst. Inc., Cary, NC). To validate the experimental model and affirm that the inhibition by nitrate and pHMB reduced SCFA flux, we used the model
y = μ + T i + B j + T × B ij + ε ijk ,
in which y is the variable, μ is the overall mean, T i is the effect of treatment, B j is the effect of buffer, and ε ijk is the residual error.
Flux pathway partitions, G t , I sc , reticular pH, and immunofluorescence data were analyzed using the model
in which y is the variable, μ is the overall mean, T i is the effect of treatment, and εijk is the residual error.
Correlation analysis was conducted using the PROC CORR statement in SAS 9.4 (SAS Inst. Inc., Cary, NC). Significance was declared at P ≤ 0.05.
ReSUlTS
In this model, fluxes were partitioned into 3 pathways. The use of the HCO 3 -free and NO 3 -and pHMB-containing buffer simultaneously inhibited bicarbonate-dependent flux and nitrate-sensitive flux and added a monocarboxylate cotransporter-specific inhibitor (Dengler et al., 2014) , which reduced flux from the HCO 3 buffer for both acetate (501.1 ± 22.5 vs. 335.4 ± 22.1 nmol/cm 2 × h for HCO 3 buffer and HCO 3 -free, NO3-containing, pHMB-containing buffer, respectively; P < 0.05) and butyrate (878.5 ± 67.1 vs. 716.8 ± 63.7 nmol/cm 2 × h for HCO 3 buffer and HCO 3 -free, NO3-containing, pHMB-containing buffer, respectively; P < 0.05). Additionally, we attempted to isolate transporterspecific components of the PMF pathway but were unsuccessful (Appendix 1; see the online version of the article at http://journalofanimalscience.org).
Reticuloruminal pH
Reticuloruminal pH was affected by treatment. Daily severity of subacute reticuloruminal acidosis was greater in the ACID group compared with the CTRL and FR treatments (57 ± 134 vs. 520 ± 134 vs. 30 ± 134 min/d for CTRL, ACID, and FR, respectively; P < 0.01; data not shown).
Flux
Total acetate flux was greater across the epithelium of calves exposed to FR than for the CTRL (P = 0.03) and ACID (P = 0.05) treatments (Fig. 3) . There was no difference among the CTRL, ACID, and FR treatments for acetate PMF. In the FR treatment, PDF was greater than in the CTRL (P < 0.01) and ACID treatments (P < 0.01).
Total butyrate flux was greater in the FR treatment than in the CTRL (P < 0.01) and ACID (P < 0.01) treatments (Fig. 4) . Butyrate flux through PMF was greater in the FR treatment than in the CTRL treatment (P < 0.01) and the ACID treatment (P < 0.01). Lastly, butyrate PDF was greater in the FR treatment than in the CTRL treatment (P = 0.03) but not compared with the ACID treatment (P = 0.11).
Transporter Abundance
There was no difference in AE2 abundance among the CTRL, ACID, and FR treatments (Fig. 5) . Likewise, there was no difference in CA2 abundance among the CTRL, ACID, and FR treatments. Abundance of MCT1 was greater in the FR treatment than in the ACID treatment (P = 0.03) but was not different from the CTRL treatment (P = 0.15). Furthermore, abundance of NBC1 was not different among the CTRL, ACID, and FR treatments. Also, NHE1 protein abundance was not different among the CTRL, ACID, and FR treatments. Lastly, NHE3 was greater in the FR treatment than in the CTRL treatment (P = 0.02) but was not different from the ACID treatment (P = 0.34).
Transporter Abundance and Flux Rate Correlations
A positive correlation between NHE1 and acetate PMF (P < 0.01; Table 3 ) was detected. Sodium/proton exchanger isoform 3 was positively correlated to acetate TOTAL (P = 0.03) and acetate PMF (P = 0.04).
Furthermore, NBC1 was correlated to total acetate flux (P < 0.01), acetate PMF (P = 0.02), butyrate TOTAL (P < 0.01), and butyrate PMF (P < 0.01). Also, NBC1 was also correlated to mean rumen pH (P = 0.02) and duration of rumen pH < 5.6 (P = 0.03).
DISCUSSION
The rapid changes in rumen fermentation in association with reduced feed intake and dietary change in association with parturition may pose a challenge to the ruminal epithelium. Although the periperturient transition is perhaps the most studied dietary transition, dietary transitions involving reductions in feed intake or episodes of ruminal acidosis also occur in calves during the weaning transition and in steers and heifers during the feedlot transition. Despite nutritional and physiological differences between the weaning transition, the feedlot transition, and the periparturient transition, these dietary transitions share a sudden disequilibrium between ruminal SCFA production and absorption. The ruminal adaptations resulting from this misalignment between ruminal SCFA production and absorption are the targets of this study and were studied in steers using FR and ruminal acidosis models.
Both FR and ruminal acidosis are speculated to result in short-term adaptation in the functional activity of in SCFA fluxes in the rumen epithelium. Although candidate SCFA transporters and flux pathways have been identified, it is unclear which transporters are key in the short-term adaptation for SCFA flux in the rumen epithelium to help cows face challenges with low feed intake and ruminal acidosis.
The objective of this study was to investigate the role of protein-mediated pathways for SCFA flux across the ruminal epithelium during dietary adaptation. The hypothesis was that transporter-mediated SCFA flux plays a key role in adaptive acetate, butyrate, and butyrate metabolite flux. Major findings of this study support the hypothesis that PMF mechanisms play a role in the short-term functional adaptation of the ruminal epithelium in response to dietary challenges. Furthermore, the changes in MCT1 protein abundance suggest that MCT1 is responsive to the dietary challenge-induced changes in the rumen environment, a finding that is in agreement with a previous study (Laarman et al., 2013) but in disagreement to that reported by Schurmann et al. (2014) , where passive diffusion was most responsive to dietary change. Nevertheless, the correlations between pH i -regulating transporters and SCFA flux, independent of diet, further supports the interrelation between SCFA absorption and pH i regulation (Sellin and De Soignie, 1998; Sellin, 1999; Muller et al., 2000) .
Diet-Dependent Factors
In response to low feed intake, total acetate flux was increased. Investigation into the pathway of absorption revealed that only PDF was increased, suggesting nonfacilitated mechanisms were responsible. An increase in PDF in association with an abrupt increase in the proportion of concentrate was reported by Schurmann et al. (2014) . Likewise, total butyrate flux was increased during FR with a significant increase in PDF. These results are in contrast to other studies showing a reduction in SCFA flux during complete feed deprivation (Gabel et al., Figure 3 . Net acetate flux via different short-chain fatty acid transport mechanisms across rumen epithelium in Holstein steers (n = 21) given, ad libitum, a total mixed ration (control [CTRL]); a subacute ruminal acidosis (ACID) challenge; or feed restriction (FR). In total flux, FR was greater than CTRL (P = 0.03); in passive diffusion flux (PDF), FR was also greater than CTRL (P < 0.01). *P < 0.05. PMF = protein-mediated flux. FR] ). In total, protein-mediated flux (PMF), and passive diffusion flux (PDF) mechanisms, butyrate was greater in FR than in CTRL (P < 0.01, P < 0.01, and P = 0.03, respectively). *P < 0.05. 1993) or low feed intake (Gabel et al., 1993; Zhang et al., 2013) . In the study by Albornoz et al. (2013) , steers were feed restricted using the same model as our study, but disappearance from the rumen was measured using a washed reticulorumen technique (Care et al., 1984) . It is likely that inherent differences between in vivo and in vitro models of measuring SCFA transport may explain the discrepancy. While using a washed reticulorumen technique, blood flow to the rumen may be altered, thus potentially affecting SCFA flux. In an Ussing chamber, blood flow is absent, so although the epithelium appears to have a greater ability to take up SCFA, it seems blood flow or other in vivo systemic factors (e.g., rumen motility) may curtail the increased SCFA flux observed in our ex vivo study.
Furthermore, low feed intake also resulted in an increase in butyrate PMF. Of the primary transporters investigated to explain the increase in PMF, only MCT1 was upregulated. Therefore, it is likely that the increased butyrate flux observed in FR was, in part, due to basolateral MCT1 upregulation. Although the role of MCT1 in adaptive SCFA transport response is new, there is considerable evidence for the role of MCT1 in relation to SCFA transport and transport of ketone bodies and lactate under normal nutritional conditions . For steers exposed to low feed intake, PMF was greater than in the CTRL or ACID treatments. Similarly, MCT1 was upregulated in the FR treatment compared with the CTRL and ACID treatments. The concurrence of these 2 changes suggests MCT1 is at least partly mediating increased butyrate flux but does not exclude the involvement of other transporters. Past studies have demonstrated that MCT1 is an important pathway for SCFA absorption and that MCT1 expression may be related to NBC1 expression (Laarman et al., 2013) . Additionally, MCT1 can be upregulated by different feeding regimens, such as FR in our study and sustained SARA in lactating dairy cows (Laarman et al., 2013) . In this study, we showed that changes in MCT1 correspond to changes in butyrate flux, so MCT1 is likely mediating changes in butyrate flux in the short term.
Expression of NHE3 was increased by both the ACID and the FR treatments, providing corroborating evidence to support the role of NHE3 for regulation of pH i and that NHE3 is responsive to dietary conditions. Already, NHE3 is known to have a butyrate-response element that allows for a direct action of butyrate on NHE3 (Kiela et al., 2003) . In lactating dairy cows exposed to SARA for 1 wk, NHE3 protein abundance increased (Laarman et al., 2013) , in agreement with our results. Increased abundance of NHE3 in response to changes in fermentation may allow for increased potential for proton export from the rumen epithelial cells helping to regulate pH i . Our results support previous work where, in response to an acid challenge in rumen epithelial cells, NHE activity was identified as a key driver to neutralize pH i (Muller et al., 2000) . Therefore, our study further implicates NHE3 as part of the functional adaptive process in response to SARA.
In our study, ACID treatment caused no difference in measured aspects of acetate or butyrate flux. In heifers, after an episode of ruminal acidosis, SCFA absorption decreased after 2 d but increased after 8 d Figure 5 . Transporter abundance in rumen epithelium rumen epithelium in Holstein steers (n = 21) given, ad libitum, a total mixed ration (control [CTRL]); a subacute ruminal acidosis (ACID) challenge; or feed restricted TMR (feed restriction [FR] ). *P < 0.05. A.U. = arbitrary units; AE2 = anion exchanger isoform 2; CA2 = carbonic anhydrase isoform 2; MCT1 = monocarboxylate cotransporter isoform 1; NBC1 = sodium/bicarbonate cotransporter isoform 1; NHE1 = sodium/proton exchanger isoform 1; NHE3 = sodium/proton exchanger isoform 3. 
Values displayed only where P < 0.05.
2 AE2 = anion exchanger isoform 2. 3 CA2 = carbonic anhydrase isoform 2.
4 MCT1 = monocarboxylate cotransporter isoform 1. 5 NBC1 = sodium/bicarbonate cotransporter isoform 1.
6 NHE1 = sodium/proton exchanger isoform 1.
7 NHE3 = sodium/proton exchanger isoform 3.
8 TOTAL = total flux 9 PMF = protein-mediated flux 10 PDF = passive diffusion flux (Schwaiger et al., 2013) . In our study, no increases were observed in either total flux or passive diffusion for either acetate or butyrate 1 d after the acidosis induction. One possible explanation for the absence of a flux response to ruminal acidosis is that our ex vivo Ussing chamber model fails to take into account factors such as blood flow and rumen motility, whereas the in vivo washed reticulorumen experimental approaches do include these factors (Schwaiger et al., 2013) . Other studies have shown that in vivo exposure to ruminal acidosis does not have carryover effects on SCFA absorption (Penner et al., 2009b) or barrier function. Another possibility is that the lack of difference in flux for ACID relative to CTRL may suggest that a 1-d SARA challenge will show a rumen's susceptibility to SARA rather than the rumen's adaptation to SARA. Past studies using a SARA challenge model have focused on the relative susceptibility of sheep (Penner et al., 2009b) and cows (Dohme et al., 2008) to SARA. Therefore, our ACID results may indicate more about the existing transport capacity than about the adaptation to SARA. Furthermore, functional (Etschmann et al., 2009; Schurmann et al., 2014) and molecular adaptations in the rumen epithelium occur primarily in the first week (Steele et al., 2011; Laarman et al., 2013) . Recent evidence showed the ruminal epithelium adaptation begins within 24 h at the transcript level (Wood et al., 2014) ; it may be that the adaptation at the protein level could take longer than 1 d, which explains why the 1-d ACID treatment failed to show a response whereas the 5-d FR treatment did show a response.
Overall, the dietary challenge imposed had 2 principal effects in this study. First, low feed intake increased passive diffusion for both acetate and butyrate across the ruminal epithelium; this is in contradiction to previous studies. Second, low feed intake increased butyrate PMF and MCT1 is a likely candidate involved in this adaptive response for SCFA flux. In addition, a 1-d SARA challenge failed to affect SCFA flux, pointing to a minimum time response for the adaptive response of the rumen epithelium. Together, these 3 findings point to a short-term adaptive response of the rumen epithelium to changes in rumen fermentation that involves both PDF and PMF mechanisms. How these mechanisms can be managed to improve SCFA uptake during the periparturient study or other nutritional challenges needs further study.
Diet-Independent Factors
Independently of diet, abundance of pH i -regulating transporters was related to SCFA flux. Correlations between transporters and fluxes showed that, independent of treatment, acetate flux was positively related to NBC1, NHE1, and NHE3. Because acetate uptake is an important indicator of susceptibility to SARA (Penner et al., 2009b) , understanding influences on flux is important. In this study, the pH i -regulating transporters that were correlated to acetate flux do not physically transport SCFA. Rather, this study provides further evidence of linkages between pH i -regulating transporters and SCFA transporters. Previous studies have shown CA2 to enhance the activity of MCT1 (Lecona et al., 2008) and NBC1 was found to be downregulated in partnership with an increase in MCT1 (Laarman et al., 2013) .
Next, we need to consider a mechanism by which pH i regulation could affect the flux rate of SCFA. The major SCFA uptake mechanisms-AE2 and passive diffusionare also pH i modulators. What these SCFA-transporting mechanisms have in common is that they increase the acidotic pressure on the cytosol through importing protons (passive diffusion) or exporting bicarbonate (AE2). The pH i -modulating transporters positively correlated to SCFA flux (NHE3, NBC1, and NHE1) all decrease the acidotic pressure on the cytosol through exporting protons (NHE1 and NHE3) or importing bicarbonate (NBC1). Therefore, the correlation may indicate that the removal of protons from the cytosol limits the SCFA flux: the faster protons can be removed from the cytosol, the faster SCFA can be transported across the epithelium. Future studies should focus on the effects of modulating proton flux across the epithelium on SCFA flux as well as investigating why the correlations between SCFA flux and pH i transporters differ for acetate and butyrate.
This study provides evidence of linkage between pH i regulation and SCFA flux in the rumen epithelium. Further study is warranted to investigate the causal relationship between pH i modulators and SCFA transporters. Improving SCFA transport is key to increasing resistance to SARA (Penner et al., 2009b) and increasing the supply of ME; therefore, this research area holds promise for improved dairy productivity.
Summary and Conclusion
This study examined the effects of a ruminal acidosis challenge and low feed intake on the uptake of acetate and butyrate across the rumen epithelium of Holstein steers. We found that low feed intake increased passive diffusion of acetate and butyrate. Furthermore, we found increased butyrate flux in response to low feed intake through PMF mechanisms and identified MCT1 as a likely candidate for mediating this change in butyrate flux. In addition, NHE3 abundance increased in response to both SARA and FR treatments, highlighting NHE3's role in short-term diet adaptations in the rumen. Lastly, we found acetate flux and several pH i transporters to be positively correlated. During a change in rumen fermentation, there is a short-term adaptive response in SCFA flux that involves PMF and PDF; these mechanisms are of interest in improving resistance to SARA and situations of low feed intake. Furthermore, the linkage of pH i -regulating transporters and SCFA transport was evident; more research is needed to understand this linkage and how optimal SCFA flux is achieved.
lITeRaTURe CITeD
